This paper reports the precipitation kinetics along the eutectoid-type reaction path of δ-Fe → γ -Fe+Fe2Hf in an Fe-9Cr-0.3Hf (wt.%) alloy. Three types of precipitation modes were observed in the reaction path: (1) interphase precipitation forming periodically arrayed rows of fine Fe2Hf particles, (2) the precipitation of Fe2Hf phase in the δ phase followed by a phase transformation from the δ phase to the γ phase and (3) the precipitation of Fe2Hf phase in the γ phase matrix preceded by a δ → γ phase transformation. The nose for the interphase precipitation in time-temperature-transformation diagram is located at a few second and at 1 100°C. The interphase precipitation is expected to be used as a tool for strengthening heat resistant ferritic steels, but the heat treatment window for the precipitation mode is narrow in the ternary alloy.
Introduction
High Cr heat resistant ferritic steels are critical materials for high temperature components such as boiler tubes and steam turbines in high efficiency coal fired power plants. The most advanced creep resistant high Cr steels, such as ASTM/ASME Grade 91 and Grade 92, are designed to strengthen grain boundaries and subgrain boundaries with Cr23C6 type carbide and/or (V, Nb)(C, N) type carbonitride particles against recovery and recrystallization during creep deformation. The carbide and carbonitride particles, however, coarsen and decompose after long term creep deformation and lose their strengthening effects, and thereby reducing their long term creep strength, which is a problematic issue in the material. 1, 2) Laves phases such as Fe2Mo and the Fe2W are usually considered to be detrimental in the conventional creep resistant ferritic steels since they are precipitated in coarsened forms during creep deformation and thus are not expected to provide the precipitation strengthening more than the cost of solid solution strengthening due to molybdenum and tungsten. On the other hand, the Fe2W phase has been found to be precipitated finely within subgrained ferritic matrix at high tungsten contents in the high Cr ferritic steels.
3) The precipitation of the Fe2W type Laves phase was reported to improve creep strength in the high Cr ferritic steels 4) and in further high-Cr ferritic steels. 5) Kobayashi et al. 6) has recently found the formation of periodically arrayed rows of Fe2Hf Laves phase particles in an Fe-9Cr base ferric matrix in a diffusion couple sample and explained the formation sequence of the particles as follows; the particles were formed through an interphase precipitation along the eutectoid-type reaction path of δ-Fe → γ-Fe+Fe2Hf and subsequently the γ phase transformed to the α-Fe. The use of the reaction as a tool for microstructure control may open a possibility to develop new types of heat resistant ferritic steels/alloys. The objective of the present paper is to experimentally investigate the formation kinetics of Fe2Hf Laves phase along the eutectoid-type reaction path of δ → γ +Fe2Hf in a bulk Fe-9Cr-Hf ternary alloy. Table 1 shows the chemical compositions of the alloys used in the present study. The alloys are designated with their Hf content through this paper. The Hf content of the 0.33Hf alloy is almost the same as the Hf content in the areas in which interphase precipitation was found to occur in the diffusion-couple sample.
Experimental Procedure
6) The concentration of the transition metals and carbon was analyzed by the infrared absorption method after combustion in an induction furnace (JIS G1211), and that of oxygen and nitrogen by the inert gas fusion infrared absorption method. 7) Each alloy was prepared by vacuum induction melting as a 1 kg ingot. The ingots were machined into a cylindrical shape of 3 mm in diameter and 10 mm in height with a hole of 2 mm in diameter and 5 mm in depth. The dilatometer test and heat treatments were conducted for the three alloy samples as a preliminary experiment to determine the phase relationships at high temperatures and thereby the eutectoid composition and temperatures in the alloy system. The heating/cooling rate in the dilatometer tests was 20°C/min. The heat treatments were made at a temperature range between 1 300 and 1 000°C for the cylindrical samples explained above under an argon atmosphere. The heat treatment conditions are summarized in Table 2 .
Continuous cooling heat treatments and isothermal heat treatments were then performed for the 0.33Hf alloy which was turned out to be close to the eutectoid composition of δ-Fe → γ -Fe+Fe2Hf. The heat treatments were conducted for the cylindrical specimens under an argon gas flow condition with an infrared furnace. The temperature during heat treatment was measured with an R type thermocouple which was inserted into the hole of the cylindrical specimen. In the continuous cooling experiments the specimens were heated up to 1 300°C in the δ phase region and held for 5 min, cooled down to 800°C at rates between 50°C/s and 1°C/s and followed by furnace cooling down to room temperature at a t 8/5 time (the cooling time from 800°C to 500°C) of 60 s.
In the isothermal heat treatments the specimens were heated up to 1 300°C and held for 5 min, cooled rapidly from 1 300°C directly into isothermal heat treatment temperatures and held for a certain period of time and then rapidly cooled to room temperature. Figure 1 illustrates an example of heat profile in one of the isothermal heat treatments in which the specimen was aimed to hold at 1 000°C for 30 s. The cooling rates at cooling from 1 300°C to 1 000°C and from 1 000°C to 800°C were both 50°C/s. The microstructures of heat treated samples were characterized with an optical microscope (OM), a field emission type scanning electron microscope (FESEM) equipped with a backscattered electron (BSE) detector, and a field emission type scanning transmission electron microscope (STEM) equipped with an energy dispersive spectrometry EDS.
The observations with OM and FESEM were conducted on the cross section which is 1 mm away from the cylindrical basal surface, the opposite side to the hole for thermocouples. The cross section was prepared by grinding, polishing and electro-polishing. Thin discs for STEM observation were cut next to the cross section used for the OM and FESEM observations, and prepared by twin-jet electropolishing. Figure 2 shows a typical dilatometric curve for the 0.33Hf alloy during heating and cooling. The alloy contracts at ~860°C and expands at ~1 150°C during heating, which demonstrates that the alloy undergoes phase transformations from the α phase to the γ phase and from the γ phase to the δ phase at the respective temperatures. During cooling the alloy contracts at ~1 100°C, which indicates that a phase transformation from δ to γ starts around the temperature during cooling in the alloy. Similar dilatometric curves were obtained from the 0.09Hf and 0.50Hf alloys. The temperatures to start contraction and expansion during heating were used as those for α→γ phase transition and for γ →δ phase transition, respectively. Figure 3 shows the vertical section of phase diagram at Table 2 and shown in the diagram. This section can be regarded as a eutectoid-type system where the δ ferrite phase is in equilibrium with the γ austenite phase and the Fe2Hf Laves phase. The eutectoid composition exists at around Fe-9Cr-0.3Hf at 1 150°C. This eutectoid composition is in good agreement with the chemical composition of the areas in which periodically arrayed rows of Fe2Hf particles were formed in a diffusion couple sample.
Results and Discussion

Phase Relationships at High Temperatures
6) The 0.33Hf alloy is close to the eutectoid composition and was therefore used for investigating the precipitation kinetics along the eutectoid-type reaction path of δ-Fe→γ-Fe+Fe2Hf. Figure 4 shows optical micrographs of the 0.33Hf alloy specimens continuously cooled from the δ single phase region at relatively high cooling rates. The cross sections of the specimens show coarse grains (untransformed δ ferrite grains) in the center areas and fine grains (transformed α ferrite grains) near the surface (Figs. 4(a) and 4(b) ). It can be seen that the untransformed areas diminish with decreasing the cooling rate and disappear in the sample cooled at the cooling rate of 10°C/s (Fig. 4(c) ). Figure 5 shows BSE images of the specimens corresponding to those of Fig. 4 . The transformed areas exhibit periodically arrayed rows of fine particles, as observed in the previous reports, 6, 8, 9) which demonstrates the occurrence of interphase precipitation. The arrays are aligned parallel to the boundary between the transformed/untransformed areas (Figs. 5(a) and 5(b) ). A ledge like structure was sometimes observed on the boundary, as reported in the literature. 8, 9) The microstructural features seen in the BSE images and in the optical micrographs indicate that the interphase precipitation started in the vicinity of the surface of the specimens and proceeded towards the center. Furthermore, one can see that the periodical arrays cross grain/subgrain boundaries in the transformed areas. These microstructural features demonstrate that the interphase precipitation occurred through a phase transformation not from γ to α but from δ to γ . Figures 6(a) and 6(b) show an STEM image and a corresponding EDS Hf map taken from a continuously cooled specimen. It is clearly seen in the EDS map that Hf is enriched in the periodically arrayed particles. EDS spectra taken from one of the arrayed particles and from the matrix are shown in Fig. 6(c) , where the energy peaks of Hf characteristic x-ray are clearly detected in the former but not in the latter. The enrichment of other elements such as Cr, C, N, O and Zr was not observed in the Hf rich particles. Quantitative chemical analysis and identification of crystal struc- ture for the particles were not possible because of their fine scale. It is, however, reasonable to consider that the particles are of the Fe2Hf Laves phase due to the qualitative EDS results (Fig. 6 ) and the phase relationship shown in the alloy system (Fig. 3) . We demonstrated that the Hf rich fine particles are identified as C14 structure, which is one of the Laves phase crystal structures, after coarsening by aging.
Continuous Cooling Transformation
6)
The interphase precipitation mode was not available at relatively slow cooling rates. Figure 7 shows the effect of reducing cooling rates on the microstructure formation. Periodically arrayed particles were partially observed in the sample cooled at 5°C/s (Fig. 7(a) ). At 1°C/s the arrayed particles are not available anymore and needle-like Fe2Hf phase precipitates are aligned along several specific directions within the subgrained ferritic matrix (Fig. 7(b) ). The microstructural features in the sample cooled at 1°C/s allow us to assume that phase transformations took place in the following sequence; a δ→γ phase transformation occurred first, and then the Fe 2 Hf phase were precipitated within the γ matrix in a needle shape and the γ phase subsequently transformed to the α phase.
Isothermal Transformation
The formation kinetics of the Fe 2 Hf phase during isother- mal heat treatments was investigated in order to understand the formation modes/kinetics in a more quantitative way. Figure 8 shows a time-temperature-transformation (TTT) diagram along the eutectoid-type reaction path in the alloy, as determined in the present study. Phase transformation start lines in the TTT diagram were deduced from the microstructural features observed in the heat treated samples, as summarized in Table 3 and in the inset of Fig. 8 . Two types of phase transformation modes were found to occur: the interphase precipitation (δ → γ +Fe2Hf) and the precipitation of Fe2Hf phase prior to a phase transformation from δ to γ (δ → δ +Fe2Hf → γ +Fe2Hf). At relatively high temperatures, the interphase precipitation took place in a similar way to that occurred in continuous cooling experiments. Figure  9 (a) shows an interface between an untransformed area on the right hand side and an area in which the interphase precipitation (δ → γ +Fe2Hf) on the left hand side took place during aging. It is noted that the γ phase was transformed into the α ferrite phase during quenching. The nose of the interphase precipitation was found to exist at a few seconds and 1 100°C. At relatively lower temperatures the phase transformation tends to take place in a sequence of δ → δ+Fe2Hf → γ +Fe2Hf. Figures 9(b) and 9(c) shows micrographs taken from the specimen aged at 1 000°C where the two transformation modes took place. The areas from which the micrographs were taken are schematically shown in Fig.  9(d) . A transition from arrayed rows of fine precipitates to coarse precipitates was seen in transformed areas in between the surface of the specimen and the center (Fig. 9(b) ), while an interface between a transformed area (on the left) and an untransformed area (on the right) was observed with coarse Fe2Hf precipitates in the center area (Fig. 9(c) ). With taking into account that the reaction starts in the vicinity of the surface and proceeds towards the center, it is reasonable to consider that the precipitation reactions took place during aging at 1 000°C in the following sequence: (1) the interphase precipitation, (2) the precipitation of Fe2Hf particles within the δ phase matrix and (3) the phase transformation Fig. 7 . BSE images of the 0.33Hf alloy continuously cooled from 1 300°C at the cooling rates of (a) 5°C/s and (b) 1°C/s. The micrographs were taken from the center area on the cross section. Table 3 . For instance, a+b means that the two microstructural features, explained respectively in Table 3 , were observed at the condition. Microstructures formed in the vicinity of the surface are not taken into account for the identification of the phase transformation sequences due to the oxidation of Hf on the surface. from the δ phase into the γ phase, which is further transformed into the α phase during cooling from the isothermal temperature. Below 950°C only the reaction (2) occurred. The nose of the latter phase transformation mode (δ → δ +Fe2Hf → γ +Fe2Hf) was assumed to exist at about 10 seconds and ~950°C. Furthermore, it can be deduced from the continuous cooling experiments that the C curve for the phase transformation mode of δ → γ → γ +Fe2Hf is located at ~100 seconds just below the A4 temperature, as drawn with a broken line in the TTT diagram.
Phase Transformation Kinetics
Three types of phase transformation modes were confirmed to take place along the eutectoid-type reaction path in the Fe-9Cr-0.33Hf alloy, depending on the transformation time/temperature conditions: (1) interphase precipitation (δ → γ +Fe2Hf) in an intermediate temperature and a short time range, (2) the precipitation of the Laves phase prior to the δ → γ phase transformation (δ → δ +Fe2Hf → γ +Fe2Hf) in a relatively low temperature range, (3) a δ → γ phase transformation followed by the precipitation of the Laves phase (δ → γ → γ +Fe2Hf) at a relatively low supercooling condition.
The temperature conditions in which the phase transformation modes occurred can be qualitatively rationalized by considering the relative degree of supersaturation of the solute element, Hf, for the formation of γ phase to the degree for the precipitation of Fe2Hf phase, as explained below.
Since the eutectoid composition is close to the γ phase side in the Fe-Cr-Hf ternary system (See Fig. 3) , high supersaturation can be expected for the formation of the γ phase even at a small undercooling from the A4 temperature, 1 160°C, while low supersaturation is available for the precipitation of the Fe2Hf phase, which is consistent with the fact that the phase transformation occurred in the sequence of δ → γ → γ +Fe2Hf under a relatively slow cooling condition. As the transformation temperature decreases, the supersaturation for the Lave phase precipitation increases with respect to that for the formation of γ phase, and thus the formation kinetics of the Laves phase may become faster, which is a reasonable scenario to explain the occurrence of the interphase precipitation mode at an intermediate temperature and of the precipitation of the Laves phase prior to the δ → γ phase transformation at lower temperatures.
The precipitation reaction started in the vicinity of the surface of the specimens. This result can be explained by the oxidation of Hf on the surface during the heat treatments, which forms a Hf denuded zone next to the oxidation layer, thereby increasing the stability of γ phase and promoting the kinetics of δ → γ phase transformation. The formation of Hf diluted zones was confirmed to occur within a few 100 μ m from the surface.
If we consider strengthening of heat resistant ferritic alloys/steels, it is desired to disperse fine Laves phase particles in the matrix through the interphase precipitation mode. The present study revealed that dispersion of fine Fe2Hf phase particles through the interphase precipitation was possible in the small specimen by using the time lag between the start for the interphase precipitation and that for δ → δ +Fe2Hf. The time lag, heat treatment window, is however very narrow and the window exists at a very short time and at a high temperature in the alloy studied. The precipitation kinetics should therefore be modified by alloying in future to use the interphase precipitation as a tool for strengthening heat resistant ferritic steels in practice.
Summary
This paper reports the precipitation kinetics along the eutectoid-type reaction path of δ-Fe → γ -Fe+Fe2Hf in an Fe9Cr-0.3Hf (wt.%) alloy. The main results obtained are:
(1) Three types of phase transformation modes were found to occur in the reaction path: (a) interphase precipitation forming periodically arrayed rows of fine Fe2Hf particles, (b) the precipitation of Fe2Hf phase in the δ phase followed by a δ → γ phase transformation and (c) the precipitation of Fe2Hf in the γ phase matrix preceded by a phase transformation from δ to γ phase.
(2) The nose for the interphase precipitation in timetemperature-transformation diagram is located at a few second and 1 100°C.
(3) The heat treatment window for the interphase precipitation is narrow in the ternary alloy, and widening the window will thus be necessary to use the precipitation mode as a tool to strengthen heat resistant ferritic steels.
